To increase the utilization of wind power in the power system, grid integration standards have been proposed for the stable integration of large-scale wind power plants. In particular, fault-ride-through capability, especially Low-Voltage-Ride-Through (LVRT), has been emphasized, as it is related to tripping in wind farms. Therefore, this paper proposes the Wind power plant applicable-Effective Reactive power Reserve (Wa-ERPR), which combines both wind power plants and conventional generators at the Point of Interconnection (POI). The reactive power capability of the doubly-fed induction generator wind farm was considered to compute the total Wa-ERPR at the POI with reactive power capability of existing generators. By using the Wa-ERPR management algorithm, in case of a violation of the LVRT standards, the amount of reactive power compensation is computed using the Wa-ERPR management scheme. The proposed scheme calculates the Wa-ERPR and computes the required reactive power, reflecting the change of the system topology pre-and post-contingency, to satisfy the LVRT criterion when LVRT regulation is not satisfied at the POI. The static synchronous compensator (STATCOM) with the capacity corresponding to calculated amount of reactive power through the Wa-ERPR management scheme is applied to the POI. Therefore, it is confirmed that the wind power plant satisfies the LVRT criteria by securing the appropriate reactive power at the POI, by applying of the proposed algorithm.
Introduction
Lately, interest in renewable energy has been gradually increasing because of the depletion of fossil fuels, and the limitations placed on greenhouse gas emissions. The Korean government plans to install 53 GW of new renewable capacity by 2030. Of this 53 GW, wind and photovoltaic power generation will account for approximately 80%. It is easier to construct large plants for wind power generation than for solar power generation; therefore, wind power generation will be directly connected to the transmission systems as well as distribution system. As the utilization of new and renewable energy is being accelerated by the support of governmental policies and the construction of large-scale renewable energy plants, the stability of the power grid including the existing synchronous generators becomes an important issue; thus, the technical requirements for a wind power farm become stricter.
As the impact on the stability of the power system increases due to the connection of large quantities of renewable power, the technical requirements for wind power plants have also been made stricter [1] . In addition, the development of power electronics technologies related to converters facilitates the controllability of generators such as the Doubly-Fed Induction Generator (DFIG), which is is connected to a grid via a converter. The grid code states that a large-scale wind farm should have a variable control ability, which is the case with the existing generators. Among the various grid codes, it is the Low-Voltage-Ride-Through (LVRT) criterion that explains the operational aspects of wind turbine connection. The LVRT condition refers to the ability of a Wind Power Plant (WPP) to remain connected to a grid in a short-term transient situation, when certain events occur in the grid.
The LVRT code in the Korean grid code is shown in Figure 1 . It states that a wind turbine should stay connected to the grid if the after-fault voltage is above the LVRT curve. However, it is permitted to disconnect from the grid when the voltage drops below the curve. In general, this criterion is applied to the high voltage side at the Point of Interconnection (POI) of the wind farm and the grid. It is divided into two parts. The first part is the "fault period." If the fault is not cleared, the POI voltage of the wind power farm drops to approximately zero. Accordingly, the DFIG wind power generation with control capability undertakes voltage control to satisfy the LVRT code. Therefore, in this part, not only is the voltage control of wind farms and important concern, but also is the clearing fault time. The second part is the "dynamic voltage recovery." After fault clearing, the voltage of the wind farms increases. A variety of adjustment methods can be used to aid in increasing the voltage to normal levels by feeding a mass of reactive power (Q) into the network. Thus, if the q is insufficient, disconnection of the wind farm will still occur, because the voltage at the POI fails to recovery promptly [2] . Traditionally, in the case of a Type-3 or Type-4 wind turbine, the LVRT condition is satisfied by converter control, because the converter can control the reactive power. However, a wind farm comprises a number of individual wind turbines integrated at a POI, whereas traditional generator control is for only one generator and one POI. Therefore, to satisfy the LVRT conditions, the control of a wind farm should be centralized, rather than having individual control of each generator [3] .
Recent studies on the LVRT code have mainly focused on the control of wind generators or farms [4] . Gounder [5] used STATCOM to secure the transient stability of a distribution system where a Squirrel Cage Induction Generator (SCIG) and DFIG are connected, which inherently lack control capability. Duong [6] proposed an analysis model for the transient stability of the SCIG, and applied the proposed control algorithm to verify its conformance to Fault-Ride-Through (FRT) standard. As the use of DFIGs and Permanent Magnet Synchronous Generators (PMSGs) increases, which are connected to a grid via converters, more studies focus on the voltage-reactive power control of the wind power source itself. Zhong [7] attempted to apply the coordinate control scheme of active and reactive power to the Grid-Side Converter (GSC). Shen [8] proposed an algorithm that made the GSC, as well as the Rotor-Side Converter (RSC) participate in the reactive power control, according to the level of voltage sag. Kim [9] calculated the reactive power capability of a wind farm, and verified the wake effect of the Traditionally, in the case of a Type-3 or Type-4 wind turbine, the LVRT condition is satisfied by converter control, because the converter can control the reactive power. However, a wind farm comprises a number of individual wind turbines integrated at a POI, whereas traditional generator control is for only one generator and one POI. Therefore, to satisfy the LVRT conditions, the control of a wind farm should be centralized, rather than having individual control of each generator [3] .
Recent studies on the LVRT code have mainly focused on the control of wind generators or farms [4] . Gounder [5] used STATCOM to secure the transient stability of a distribution system where a Squirrel Cage Induction Generator (SCIG) and DFIG are connected, which inherently lack control capability. Duong [6] proposed an analysis model for the transient stability of the SCIG, and applied the proposed control algorithm to verify its conformance to Fault-Ride-Through (FRT) standard. As the use of DFIGs and Permanent Magnet Synchronous Generators (PMSGs) increases, which are connected to a grid via converters, more studies focus on the voltage-reactive power control of the wind power source itself. Zhong [7] attempted to apply the coordinate control scheme of active and reactive power to the Grid-Side Converter (GSC). Shen [8] proposed an algorithm that made the GSC, as well as the Rotor-Side Converter (RSC) participate in the reactive power control, according to the level of voltage sag. Kim [9] calculated the reactive power capability of a wind farm, and verified the wake effect of the wind farm through the application of an adaptive voltage controller. Qiao and Hasan [10, 11] conducted a study on a method of satisfying LVRT standards by means of voltage control of a DFIG wind farm and STATCOM. Camm and Patel [12, 13] explained the characteristics of reactive power compensation equipment and described that it can be used as a source of reactive power to satisfy the LVRT standard. Nguyen [14] illustrated that STATCOM can be participate in voltage control by supplying additional reactive power when controlled in conjunction with a PMSG wind farm. Zheng [15] proposed a coordinated control scheme that meets LVRT criteria by using DFIG based wind farm and STATCOM under asymmetrical grid fault situation. However, these studies solely focused on the control system of a wind generator and farm, and grid topology and conditions were not considered. The reactive power, in terms of the grid, was examined in [16, 17] . Choi [18] defined the Reactive Power Reserve (RPR) from the perspective of voltage stability analysis. Seo [19] focused on hierarchical voltage control for controlling the regional voltage profile and thus, could not construct a reactive power management scheme that meets the LVRT criterion at the POI where a wind farm is connected to a grid.
Therefore, in this paper, an RPR management scheme at the POI, to enhance the LVRT capability of a large-scale wind power farm, is proposed. In order to estimate the influence of the reactive power of generators on POI, a Jacobian matrix based on system data against pre-and post-contingency situations is computed. A weight factor sensitivity matrix is calculated using the B matrix, reflecting the topology to define the Wind power plant applicable-Effective Reactive Power Reserve (Wa-ERPR). If a contingency changes a POI voltage, a reactive power compensation before and after failure is calculated by calculating an RPR reflecting system topology, along with joining the conventional synchronous generators participating in the voltage control of a wind power farm.
Modeling of Doubly-Fed Induction Generator (DFIG)
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Currently, variable-speed wind turbines are mainly used for wind power generation. They can control reactive power through converter control. Common variable-speed wind turbines are classified as Type-3 and Type-4, which are also known as DFIGs and PMSGs, respectively. This study uses a Type-3 wind turbine. The Type-3 stator winding is directly connected to the low-voltage side of a transformer, while its rotor winding is connected to a bidirectional back-to-back insulated-gate bipolar transistor voltage source converter, as shown in Figure 2 . The converter helps in decoupling mechanical and electrical frequencies, and making variablespeed operation possible. Because the Type-3 Wind Turbine Generator (WTG) is equipped with a partial scale converter, the turbine cannot operate within the full range, i.e., from zero to the rated speed. However, the speed range is quite sufficient. The DFIG controls the active power and reactive power independently, through direct-quadrature-zero transformation of the converter control system. Three phase electrical quantities can be transformed into two phase quantities for ease of The converter helps in decoupling mechanical and electrical frequencies, and making variable-speed operation possible. Because the Type-3 Wind Turbine Generator (WTG) is equipped with a partial scale converter, the turbine cannot operate within the full range, i.e., from zero to the rated speed. However, the speed range is quite sufficient. The DFIG controls the active power and reactive power independently, through direct-quadrature-zero transformation of the converter control system. Three phase electrical quantities can be transformed into two phase quantities for ease of application. In general, the RSC controls the active and reactive power supplied to the system through the stator, and DC voltage between the rectifier and inverter is controlled through the GSC.
Reactive Power Capability of Doubly-Fed Induction Generator (DFIG)
The reactive power control capability of the DFIG can be divided into two strategies. First is the supply capability, shown by the PQ capability curve of the DFIG. Second, is the reactive power capability curve of a typical synchronous generator, described by the D-curve. Some generators have reactive power supply capability even when they do not output any power. However, usually, the reactive power support ability in generators is limited due to active power operation. This is because conventional generators (CGs) have plans with minimum power generation from the operational aspect. However, in the case of DFIGs, the active power has a wide range, from 0 to the maximum power, because it reflects the aerodynamic characteristics according to the wind speed. The range of the DFIG's reactive power support against active power is shown in Figure 3 . application. In general, the RSC controls the active and reactive power supplied to the system through the stator, and DC voltage between the rectifier and inverter is controlled through the GSC.
The reactive power control capability of the DFIG can be divided into two strategies. First is the supply capability, shown by the PQ capability curve of the DFIG. Second, is the reactive power capability curve of a typical synchronous generator, described by the D-curve. Some generators have reactive power supply capability even when they do not output any power. However, usually, the reactive power support ability in generators is limited due to active power operation. This is because conventional generators (CGs) have plans with minimum power generation from the operational aspect. However, in the case of DFIGs, the active power has a wide range, from 0 to the maximum power, because it reflects the aerodynamic characteristics according to the wind speed. The range of the DFIG's reactive power support against active power is shown in Figure 3 . A DFIG has the above reactive power capability because of the control of the RSC converter. As shown in Figure 3 , the curve is determined based on three factors: the stator current limit, rotor current limit, and mechanical limit [20, 21] . Among these three factors, stator current limit, and rotor current limit mainly determine the PQ curve. The reactive power capability limit of the DFIG through the above stator current limit and rotor current limit conditions can be estimated using the equivalent circuit of DFIG in Figure 4 [22, 23] . A DFIG has the above reactive power capability because of the control of the RSC converter. As shown in Figure 3 , the curve is determined based on three factors: the stator current limit, rotor current limit, and mechanical limit [20, 21] . Among these three factors, stator current limit, and rotor current limit mainly determine the PQ curve. The reactive power capability limit of the DFIG through the above stator current limit and rotor current limit conditions can be estimated using the equivalent circuit of DFIG in Figure 4 [22, 23] . A DFIG has the above reactive power capability because of the control of the RSC converter. As shown in Figure 3 , the curve is determined based on three factors: the stator current limit, rotor current limit, and mechanical limit [20, 21] . Among these three factors, stator current limit, and rotor current limit mainly determine the PQ curve. The reactive power capability limit of the DFIG through the above stator current limit and rotor current limit conditions can be estimated using the equivalent circuit of DFIG in Figure 4 [22, 23] . The stator voltage is set to the nominal voltage (1 p.u.), under the assumption that there is no impact of a transformer connecting a rotor and a stator in the static condition. The maximum value of reactive power supply, which depends on the rotor current limit, can be expressed by the following equation of stator voltage and rotor current. Q max due to the rotor current limitation is determined by the apparent power of stator and the equation is as follows [21] .
where Z m is the main impedance in DFIG and Z s is the stator impendence. As the equation shows, the apparent power for rotor current is determined by stator voltage and rotor current, irrespective of the slip of the DFIG. The Q max for active power output is calculated by the above equation. The stator current limit, determining a Q min , is calculated by the following equation for power of the rotor side.
Unlike the rotor current condition, the apparent power of the rotor converter includes the range of power of the stator. Finally, when considering the mechanical limit according to P max of the generator, a curve of the Figure 3 can be obtained, which is fully utilizable. On the basis of the above limits, the curve of reactive power supply capability can be produced, according to the active power range.
The second strategy is a power factor range presented in the grid code. The reactive power supply capability of a DFIG at a terminal bus generally exceeds the range of 0.95 lagging and 0.90 leading. However, the grid code limits the operation to within ±0.95 power factor. Typically, in the case of setting the power flow in a Type-3 wind turbine, the active power is first determined by the wind condition, and subsequently, the reactive power min-max value is determined by the operating power factor.
where P g active power output of wind turbine generator, PF power factor which wants to operate. If the power factor of the WTG is not fixed, then the values are decided according to the power factor range and value. In general, a value of 0.95, proposed in the grid code, is applied as the PF of the wind turbine. Therefore, in this paper, the reactive capability, including the power factor range in the grid code, is used to estimate the reactive power supply capability of the WPP, within the range of the minimum and maximum value of reactive power. The conventional reactive reserve is used in power flow considerations [24] [25] [26] . The reactive power supply capability of each generator is determined by the PQ capability curve. In other words, the RPR is calculated by the difference of Q max and Q min between the operation point and PQ capability curve. The RPR of the entire grid is finally obtained by the sum of reactive powers of each generator, and can be numerically defined as follows
where Q i,max maximum reactive power of the i-th generator, Q i,gen current reactive power generated by the i-th generator. The calculation method of the reactive reserve using the CRPR does not reflect the local characteristics of the reactive power well, because it simply calculates the difference between the maximum power and the current power.
Generally, when reactive power is supplied due to a voltage dip, the reactive power, which is supported by each generator or a reactive power compensator, cannot be supplied to a specific bus because of reactive power loss at the transformer or transmission line. Therefore, the proposed Wa-ERPR is an index to judge the reactive power transfer capability of a WPP and individual CG at the POI.
Wind Power Plant Applicable-Effective Reactive Power Reserve (Wa-ERPR)
Sensitivity analysis is used to analyze the relationship between the bus and the other bus, regarding the voltage and reactive power [18, 27] . The concept of effectiveness RPR applied to wind power generation is proposed as an RPR index to satisfy the LVRT conditions. The Jacobian matrix is used to determine the influence of the reactive power change of the POI due to the reactive power change of the wind turbine and the CG. Using the fast-decoupled load flow method, the P, Q, and V relationships can be linearized, as shown in the following equations
The elements of ∆Q/∆V matrix are divided into the diagonal elements and the off-diagonal elements, as shown in Equations (8) and (9)
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The nonlinear equation describing the reactive power change for the above voltage change can be converted into a simple linear form through the following assumption, which is adopted in real grid systems cos
If the above assumption and Stott's simplifications are applied, the following equations can be obtained
[B] = B GG B G,POI B POI, G B POI,POI (12) [
The linear equation contains a B matrix, which consists of a susceptance component from the node admittance matrix in a power system. Equation (13) can be represented as an interaction formula that describes the generator bus including a WPP and target bus, which in turn include the high voltage side of the POI. Thus, the B matrix, consisting of susceptance component, can be used to express the relationship between the reactive power variation and the voltage variation of load bus, WPP, and CG linearly. Here, B G,POI and B POI,G are the topology of generation bus and POI bus, respectively. B GG and B POI,POI are the susceptance values according to the connection condition of the generation buses and POI bus, respectively. Thus, ∆V of the high voltage side at the POI and ∆Q of the existing synchronous generator and wind farm can be obtained from the above linear equation. 
Equations (14)- (16) can be reconstructed for variation of voltage at each generator buses
[
If the variations of the terminal voltage of generators are kept constant when in the normal state, they can be reconstructed as follows 
where N total number of generators in the system; α i,POI normalized weighting factor of the i-th generator with respect to the POI bus, S Q matrix of generator's sensitivity. Therefore, the proposed Wa-ERPR formulation is as follows
The physical implication of this expression is the effect of the RPR of the CG and the WPP at the POI. In the case of a WPP, the total amount of PQ capability of the WT is determined according to number of WTs, and the RPR is calculated by computing the difference between the operation point and Q max .
Proposed Scheme of Wa-ERPR Management
When a contingency occurs, the grid side converter of the DFIG operates in the voltage regulator mode, to maintain a terminal voltage. After the fault is cleared, the voltage is recovered by the reactive power supplied to the POI bus. At this time, the degree of voltage sag and recovery time are related to both the wind farm's participation in voltage control, and the RPR of the system. If the system is optimal, the voltage recovery is more dependent on the RPR degree of the system than the control strategy. Thus, the RPR management algorithm, which can secure sufficient RPR to meet LVRT conditions at the POI, operates as shown in Figure 5 .
The B matrix is constructed based on pre-contingency system data to derive a weight factor affecting the POI. Next, the RPR is calculated by the difference between Q max and operation point of Q of CGs. Subsequently, the RPR of a WPP is calculated by the difference between the operation point and reactive power capability curve limit of the WPP. Finally, based on the Wa-ERPR proposed in the section above, the influence of the reactive power of each generation source on the POI is ascertained.
In case of a line contingency, the topology of the system changes, which leads to a change in the B matrix and the reduction of reactive power affecting the POI. Accordingly, if an LVRT criterion is not met after a line contingency, a stable amount of Wa-ERPR needs to be secured by calculating reactive power compensation, which can affect the POI, through a comparison with the pre-contingency Wa-ERPR. In this way, the RPR at the POI can be ensured.
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Simulation Results

System Configuration
The simulation was performed in test system called SAVNW (Version 33.7), by using PSS/E [28] . The system is depicted in Figure 6 . The System has six generators, its total active power is 3258.6570 MW and the installed capacity of the CGs is 4153.2502 MW. As seen in Table 1 , It has eight load buses, and total amount of load is 3200 MW. 
The simulation was performed in test system called SAVNW (Version 33.7), by using PSS/E [28] . The system is depicted in Figure 6 . The System has six generators, its total active power is 3258.6570 MW and the installed capacity of the CGs is 4153.2502 MW. As seen in Table 1 , It has eight load buses, and total amount of load is 3200 MW. WPP are connected to Bus 3018 instead of the previous generator. The Installed capacity of the Wind power plant is modeled as 130MVA and DFIG model provided by WECC is applied [29] . The active power output is set to 100MW and the range of reactive power is set to  0.436 p.u. to satisfy the reactive power capability within current limit [30] . If the wind farm is operated without sufficient reactive reserve, it will not satisfy the LVRT condition when a fault occurs. In order to satisfy a stable reactive reserve, extra reactive power is injected with a STATCOM device at the POI.
Dynamic voltage recovery is also related to dynamic load penetration. In this system, 50% of the entire load consists of the dynamic motor load. In order to simulate a contingency at the nearby wind farm, the contingency condition shown in Table 2 are considered: Table 2 . Contingency scenario for study case. Table 3 presents the sensitivity of the wind power and CG buses for the POI. The sensitivity was normalized through the sensitivity matrix for pre-contingency and normal conditions. WPP are connected to Bus 3018 instead of the previous generator. The Installed capacity of the Wind power plant is modeled as 130MVA and DFIG model provided by WECC is applied [29] . The active power output is set to 100 MW and the range of reactive power is set to ±0.436 p.u. to satisfy the reactive power capability within current limit [30] . If the wind farm is operated without sufficient reactive reserve, it will not satisfy the LVRT condition when a fault occurs. In order to satisfy a stable reactive reserve, extra reactive power is injected with a STATCOM device at the POI.
Contingency Fault Occurrence Time(s) Fault Clearing Time(s)
3005-3008 1ck transmission line 0.5 0.65
Computation of Wa-ERPR at the Point of Interconnection
Dynamic voltage recovery is also related to dynamic load penetration. In this system, 50% of the entire load consists of the dynamic motor load. In order to simulate a contingency at the nearby wind farm, the contingency condition shown in Table 2 are considered: Table 2 . Contingency scenario for study case.
Contingency Fault Occurrence Time (s) Fault Clearing Time (s)
3005-3008 1ck transmission line 0.5 0.65 Table 3 presents the sensitivity of the wind power and CG buses for the POI. The sensitivity was normalized through the sensitivity matrix for pre-contingency and normal conditions. The impacts on the POI in the above table assume that the same quantity of reactive power is output from a particular generator. As shown in the Table 3 , the WIND-G farm connected directly to 13.8/230 kV transformer has the largest effect of reactive power on the POI. Accordingly, when the values of Wa-ERPR based on CRPR of each generator and the above weight factors are compared, the following graph is obtained.
Computation of Wa-ERPR at the Point of Interconnection
In Figure 7 and Table 4 , if the RPR of the entire system is calculated in the conventional way, the result will be 1008.98 MVAr. However, this indicates only the total amount of RPR in the entire system. It is the available reactive power reserve of individual generators, not the reactive power reserve that directly affects the POI. On the other hand, when Wa-ERPR, which affects the POI, is calculated by using weight factors through the sensitivity matrix, the result is 200.34 MVAr, which is Energies 2017, 10, 1540 11 of 15 less than RPR value of each generation source. This is because the connection conditions to the POI and the line specifications are reflected, to consider the reactive power loss during the transmission process. In other words, instead of the mere comparison of a total physical quantity, the concept of electrical distance from a generation source to the POI is applied to calculate the reactive power affecting the POI.
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In Figure 7 and Table 4 , if the RPR of the entire system is calculated in the conventional way, the result will be 1008.98 MVAr. However, this indicates only the total amount of RPR in the entire system. It is the available reactive power reserve of individual generators, not the reactive power reserve that directly affects the POI. On the other hand, when Wa-ERPR, which affects the POI, is calculated by using weight factors through the sensitivity matrix, the result is 200.34 MVAr, which is less than RPR value of each generation source. This is because the connection conditions to the POI and the line specifications are reflected, to consider the reactive power loss during the transmission process. In other words, instead of the mere comparison of a total physical quantity, the concept of electrical distance from a generation source to the POI is applied to calculate the reactive power affecting the POI. 
Application of Wa-ERPR Management Scheme
This simulation is performed in order to verify the effect of the Wa-ERPR Management Scheme in the case of a grid fault. The post-contingency conformance to LVRT is confirmed, and the RPR is calculated based on Wa-ERPR before and after contingency. In this way, the reactive power is compensated using a STATCOM connected to the POI. Our fault scenario considers 3005-3008 1ck transmission line fault. It is assumed that the fault occurs at 0.5 s and is cleared at 0.65 s. Figure 8 shows the dynamic response of the POI voltage when the 3005-3008 line fault occurs, and the line is tripped at 0.65 s. As the line is tripped after the fault is cleared, the LVRT criterion is not met at the POI. The blue × indicates an interval that does not meet the LVRT criteria. The first section lasts for 0.5960 s, and the second section lasts for 0.64 s. This is because the voltage recovery is delayed due to insufficient RPR at the POI. Accordingly, the Wa-ERPR management scheme can be applied to calculate Wa-ERPR, and to secure the RPR at POI. After a contingency occurs, the Wa-ERPR can be calculated using the B matrix, reflecting the topology of the tripped line and calculating the RPR of a CGs and WPP. transmission line fault. It is assumed that the fault occurs at 0.5 s and is cleared at 0.65 s. Figure 8 shows the dynamic response of the POI voltage when the 3005-3008 line fault occurs, and the line is tripped at 0.65 s. As the line is tripped after the fault is cleared, the LVRT criterion is not met at the POI. The blue × indicates an interval that does not meet the LVRT criteria. The first section lasts for 0.5960 s, and the second section lasts for 0.64 s. This is because the voltage recovery is delayed due to insufficient RPR at the POI. Accordingly, the Wa-ERPR management scheme can be applied to calculate Wa-ERPR, and to secure the RPR at POI. After a contingency occurs, the Wa-ERPR can be calculated using the B matrix, reflecting the topology of the tripped line and calculating the RPR of a CGs and WPP. As shown in Figure 9 and Table 5 , the "MINE_G" generator exhibits the largest decrease in Wa-ERPR. This generator is electrically closest to the tripped transmission line. It can be seen that the reactive power reserve, which affects the POI of the individual generators, as well as "MINE_G", decreases with the change of system topology considering the disturbance. And it can also be seen that the voltage recovery of the remaining generators is delayed after the fault was cleared, because their Wa-ERPR values were also reduced due to impedance change during the fault. Thus, in order to secure the stable condition of Wa-ERPR level as pre-contingency, 23 MVar STATCOM is connected to the POI and supply the additional reactive power. When the Wa-ERPR management scheme was applied to calculate the reactive power compensation and compensate it, it turned out that the POI secured the adequate level of Wa-ERPR and satisfied the LVRT criterion, as shown in the Figure 10 . As shown in Figure 9 and Table 5 , the "MINE_G" generator exhibits the largest decrease in Wa-ERPR. This generator is electrically closest to the tripped transmission line. It can be seen that the reactive power reserve, which affects the POI of the individual generators, as well as "MINE_G", decreases with the change of system topology considering the disturbance. And it can also be seen that the voltage recovery of the remaining generators is delayed after the fault was cleared, because their Wa-ERPR values were also reduced due to impedance change during the fault. Thus, in order to secure the stable condition of Wa-ERPR level as pre-contingency, 23 MVar STATCOM is connected to the POI and supply the additional reactive power. When the Wa-ERPR management scheme was applied to calculate the reactive power compensation and compensate it, it turned out that the POI secured the adequate level of Wa-ERPR and satisfied the LVRT criterion, as shown in the Figure 10 . Figure 9 . Calculation of Wa-ERPR pre-and post-contingency. 
Conclusions
In this paper, an RPR management scheme that satisfies the LVRT criterion at the POI of a largescale DFIG wind farm is proposed. Effectiveness of reactive power reserve of individual generators including wind power plant at POI can be calculated through Wa-ERPR. Along with the participation of the wind farm in voltage control, an adequate level of RPR needs to be secured with respect to the system, in order to meet the LVRT criterion for the POI. The characteristic of dynamic voltage recovery after a fault is closely related to whether the reactive power of a system is secured or not. Accordingly, the concept of Wa-ERPR to calculate the RPR of wind and CGs, as far as they affect the POI, is presented. To calculate Wa-ERPR, an equation including the B matrix with admittance information was derived, by converting the equations of Q and V changes into linear formulations. In order to compare the influence among individual generation sources, the sensitivity values were also calculated, which indicated ratio of the reactive power change of the generation source for the reactive power change of the POI, and normalized the values. In this way, range of Q for the RPR of CGs and PQ capability of wind power generators were considered, and Wa-ERPR could be calculated. The Wa-ERPR management scheme could consider the grid topological change before and after a disturbance. So, the proposed scheme computes the Wa-ERPR in pre and post contingency and calculates the amount of reactive power compensation. As a result, wind power plant satisfy the LVRT standard through STATCOM compensation for securing stable level of RPR. 
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